The nucleotide sequences of ITS1 region and COI used in phylogenetic analyses have been deposited in GenBank (accession numbers MT336812-MT337241 for ITS1 region, and MT370025-MT370073 for COI).

Introduction {#sec001}
============

The wheat curl mite, *Aceria tosichella* Keifer, is a global pest of bread wheat *Triticum aestivum* L. The mite reduces grain yield by causing both direct feeding damage and as a vector of several viral wheat pathogens \[[@pone.0233507.ref001]--[@pone.0233507.ref007]\]. Yield losses caused by *A*. *tosichella* feeding may be up to 30% \[[@pone.0233507.ref004], [@pone.0233507.ref008]\] due to leaf rolling and trapping \[[@pone.0233507.ref009]\]. *Aceria tosichella* transmits three damaging viruses to the wheat plant---*Wheat Streak Mosaic Virus* (WSMV, family Potyviridae, genus *Tritimovirus*), *High Plains wheat mosaic virus* (HPWMoV, genus *Emaravirus*, formerly *High plains virus*; [www.ictvonline.org/proposals-15/2015.018aP.A.v3.Emaravirus_sp.pdf](http://www.ictvonline.org/proposals-15/2015.018aP.A.v3.Emaravirus_sp.pdf)), and *Triticum Mosaic Virus* (TriMV, family Potyviridae, genus *Poacevirus*). *Aceria tosichella* nymphs obtain WSMV after feeding for as little as 30 min on infected plants and can spread the virus for at least 7d postfeeding. \[[@pone.0233507.ref009]--[@pone.0233507.ref013]\]. Although WSMV infections occur at a greater incidence than HPWMoV or TriMV \[[@pone.0233507.ref014]\], co-infections are common \[[@pone.0233507.ref015]--[@pone.0233507.ref017]\]. WSMV causes wheat yield losses ranging from 2.5 to 7% on at least five different continents \[[@pone.0233507.ref018]\] depending on climate, virus acquisition time and wheat cultivar \[[@pone.0233507.ref013], [@pone.0233507.ref019]--[@pone.0233507.ref024]\]. *Aceria tosichella* detection is complicated by the mite's small size (150--225 μm length), ability to attain maximum concealment through cryptic behavior and wide host range \[[@pone.0233507.ref010], [@pone.0233507.ref018], [@pone.0233507.ref025]--[@pone.0233507.ref031]\]. To date, no effective acaricides exist to manage *A*. *tosichella* and the viruses it transmits \[[@pone.0233507.ref032], [@pone.0233507.ref033]\]. The cultural practice of controlling over-summering hosts such as volunteer wheat and weed grass hosts can provide effective management of the *A*. *tosichella*-virus complex if producers use this management approach \[[@pone.0233507.ref034]\].

*Aceria tosichella* is a complex global mixture of at least 29 different genetic lineages \[[@pone.0233507.ref028], [@pone.0233507.ref030], [@pone.0233507.ref031]\]. However, two genetically distinct lineages occur as pests of wheat in Australia, Europe, North America, South America and the Middle East. These lineages are known as type 1 and type 2 in Australia and North America and in Europe and South America type 1 and type 2 are known as MT-8 and MT-1, respectively \[[@pone.0233507.ref028]\]. In North America, internal transcribed spacer 1 region (ITS1) sequence differences were used to delineate two lineages in mites collected in Kansas, Montana, Alberta Canada, and Nebraska \[[@pone.0233507.ref035]\]. More recently, type 1 and type 2 lineages have been delineated using ITS1- and cytochrome oxidase I region (COI) sequence differences \[[@pone.0233507.ref029], [@pone.0233507.ref036]\]. Evidence also exists to show that the *A*. *tosichella* type 1 and type 2 lineages differ in their ability to transmit WSMV, HPWMoV and TriMV in Australia and North America \[[@pone.0233507.ref037], [@pone.0233507.ref038], [@pone.0233507.ref039]\].

The development and use of *A*. *tosichella*-resistant wheat cultivars to reduce *A*. *tosichella* populations and WSMV infection has progressed in North America since 1995 \[[@pone.0233507.ref040]--[@pone.0233507.ref045]\]. During this process, North America *A*. *tosichella* populations also began to be referred to as biotypes because of the ability of one biotype to overcome the effect of (exhibit virulence to) *A*. *tosichella* resistance gene(s) in wheat. Currently, biotype 1 is referred to as being avirulent to the effects of the rye:wheat translocation resistance gene (*Cmc3* \[curl mite colonization\]) in the wheat variety TAM 107. Biotype 2 is recognized as being virulent to *Cmc3* \[[@pone.0233507.ref046]\].

Virulence in *A*. *tosichella* to *Cmc3* has remained stable for the past 20 years \[[@pone.0233507.ref034]\] but recent field assessments \[[@pone.0233507.ref047]\] determined that 24% of *A*. *tosichella* collected from multiple locations in North America are virulent to *Cmc3*. Therefore, there is a real need for new information about the current geographic distribution of *A*. *tosichella* biotypes or genetic lineages throughout the U. S. Great Plains and the potential changes occurring in each. In order to obtain new knowledge for more effective *A*. *tosichella* management programs, a regional study was conducted to assess the current genetic variation of *A*. *tosichella*. Our hypothesis was that changes in *A*. *tosichella* genetic composition are dynamic and have spatial and temporal structure that may be correlated with climate and landscape features. To test this hypothesis, experiments were conducted to assess the geographic distribution of *A*. *tosichella* in six U. S. Great Plains wheat-producing states in 2014 and 2015 based on internal transcribed spacer 1 (ITS1) region and cytochrome oxidase I (COI) polymorphisms and plant phenotypic reactions. An additional experiment was conducted to compare in-depth sequence analyses of *A*. *tosichella* populations at four locations in Kansas, Missouri and Nebraska in 2016 to determine variation over local scales. Finally, temporal variation in *A*. *tosichella* lineages over a 2-year period was used to develop a generalized additive spatio-temporal model to predict the prevalence of biotypes 1 and 2 in the Great Plains.

Results {#sec002}
=======

Phylogenetic analyses {#sec003}
---------------------

A total of 430 *A*. *tosichella* were collected in 2014, 2015, and 2016 from 12 locations in 2014, 13 locations in 2015, and 12 locations in 2016 ([S1](#pone.0233507.s007){ref-type="supplementary-material"} and [S2](#pone.0233507.s008){ref-type="supplementary-material"} Tables). These samples yielded regions of 618 bases for ITS1 analysis in all samples and 506 bases for COI analysis in 49 samples. All mites analyzed were *A*. *tosichella* \[[@pone.0233507.ref029], [@pone.0233507.ref036]\]. Bayesian phylogenetic analyses revealed clearly distinct differences between biotypes, based on 8 ITS1 haplotypes and 3 COI haplotypes. Genbank sequences that were used for comparison confirmed biotype 1 and 2 designations, as well as MT-8 and MT-1 designations \[[@pone.0233507.ref048]\]. Genetic distance values between haplotypes based on ITS1 polymorphism ranged from 0.003 to 0.028 ([S3 Table](#pone.0233507.s009){ref-type="supplementary-material"}), whereas these values ranged from 0.002 to 0.177 based on COI polymorphism ([S4 Table](#pone.0233507.s010){ref-type="supplementary-material"}).

*Aceria tosichella* biotype distribution {#sec004}
----------------------------------------

Biotypes 1 and 2 were present in 2014 and 2015 in all sampling sites with the exception of six fields in Missouri and two fields in Texas, where only biotype 2 was present ([Fig 1A](#pone.0233507.g001){ref-type="fig"}). Biotype 1 occurred as five haplotypes and biotype 2 was present as three haplotypes. One biotype 1 haplotype with a 1 base pair (bp) difference to the primary haplotype was observed in about one third of the populations and was present primarily in Kansas and Missouri. Although biotype 2 was present in six states ([Fig 1A](#pone.0233507.g001){ref-type="fig"}), most of the variation in this biotype was observed in Kansas and Texas. Interestingly, a new biotype 1 haplotype differing by 1bp to the dominant haplotype appeared in all 3 years of sampling ([Fig 1A and 1B](#pone.0233507.g001){ref-type="fig"}).

![Phylogeny of *A*. *tosichella* haplotypes sampled in 2014 and 2015.\
(A) and 2016 (B) within biotypes 1 and 2. Smaller circles indicate fewer individuals in a haplotype. Hash marks on lines connecting haplotypes symbolize base-pair differences.](pone.0233507.g001){#pone.0233507.g001}

Each biotype was present at all sample locations during the study, with the exception of two locations in Nebraska and two locations in Texas in 2014 and 2015 ([Table 1](#pone.0233507.t001){ref-type="table"}). Individual grain head samples obtained in 2016 from Missouri, Nebraska and Kansas also contained both biotypes [Table 2](#pone.0233507.t002){ref-type="table"}). However, biotype 1 occurred in greater frequency in Missouri locations, where the average ratio of mites sampled at six locations was 70% biotype 1 and 30% biotype 2 ([Table 1](#pone.0233507.t001){ref-type="table"}). A higher probability of occurrence of biotype 2 occurred at four Nebraska locations (20% biotype 1, 80% biotype 2; and at two Texas locations that each yielded 100% biotype 2 ([Table 1](#pone.0233507.t001){ref-type="table"}). Biotype ratios were evenly distributed in Kansas and South Dakota (50% for each biotype); and in North Dakota (40% biotype 1, 60% biotype 2) ([Table 1](#pone.0233507.t001){ref-type="table"}).

10.1371/journal.pone.0233507.t001

###### Proportion of *A*. *tosichella* biotype 1 and 2 in samples collected in Kansas, Missouri, Nebraska, North Dakota, South Dakota and Texas in 2014 and 2015 (n = 10 per county).

![](pone.0233507.t001){#pone.0233507.t001g}

  State                   County     Proportion of biotype 1:2
  ----------------------- ---------- ---------------------------
  Kansas (n = 80)         Saline     6:4
  Geary                   9:1        
  Greeley                 4:6        
  Dickinson               3:7        
  Barton                  5:5        
  Finney                  4:6        
  Ellis                   7:3        
  Ellsworth               2:8        
  Average                 5:5        
  Nebraska (n = 40)       Cheyenne   3:7
  Hayes                   4:6        
  Furnas                  0:10       
  Saunders                0:10       
  Average                 2:8        
  Missouri (n = 60)       Barton     8:2
  Cape Girardeau          9:1        
  Pike                    7:3        
  Pettis                  8:2        
  Stoddard                6:4        
  Cooper                  4:6        
  Average                 7:3        
  North Dakota (n = 20)   Ward       5:5
  Bottineau               3:7        
  Average                 4:6        
  South Dakota (n = 30)   Hughes     7:3
  Tripp                   8:2        
  Lake                    2:8        
  Average                 5:5        
  Texas (n = 20)          Randall    0:10
  Dallam                  0:10       
  Average                 0:10       

10.1371/journal.pone.0233507.t002

###### Ratios of *A*. *tosichella* biotype 1 and 2 at one location in Kansas, two locations in Missouri, and one location in Nebraska in 2016.

A total of three fields at each location were sampled, five individuals were collected at each of three sites in each field for a total of 45 individuals per field.

![](pone.0233507.t002){#pone.0233507.t002g}

  State      County           Field \#. Sample site \#   Ratio of biotype 1:2
  ---------- ---------------- -------------------------- ----------------------
  Kansas     Ellis            1.1                        6:4
  1.2        2:8                                         
  1.3        6:4                                         
  2.1        6:4                                         
  2.2        6:4                                         
  2.3        2:8                                         
  3.1        2:8                                         
  3.2        2:8                                         
  3.3        6:4                                         
  Average    4:6                                         
  Missouri   Barton           1.1                        6:4
  1.2        8:2                                         
  1.3        6:4                                         
  2.1        4:6                                         
  2.2        6:4                                         
  2.3        4:6                                         
  3.1        4:6                                         
  3.2        10:0                                        
  3.3        6:4                                         
  Average    6:4                                         
  Missouri   Cape Girardeau   1.1                        8:2
  1.2        10:0                                        
  1.3        10:0                                        
  2.1        4:6                                         
  2.2        6:4                                         
  2.3        10:0                                        
  3.1        10:0                                        
  3.2        0:10                                        
  3.3        10:0                                        
  Average    8:2                                         
  Nebraska   Hayes            1.1                        8:2
  1.2        4:6                                         
  1.3        6:4                                         
  2.1        4:6                                         
  2.2        10:0                                        
  2.3        2:8                                         
  3.1        6:4                                         
  3.2        6:4                                         
  3.3        4:6                                         
  Average    5.5                                         

Mites collected from individual wheat heads in fields in Kansas, Missouri and Nebraska during 2016 were mixtures of both biotypes, indicating that both occur on a single grain head simultaneously ([Fig 2](#pone.0233507.g002){ref-type="fig"}). Of 36 heads examined, 28 contained both biotypes. However, eight heads contained a single biotype. Seven of these eight heads contained only biotype 1 and occurred in Barton County Missouri (field 3, head 2); Cape Girardeau County Missouri (field 1 heads 2 and 3, field 2 head 3; field 3 heads 1 and 3) and in Hayes County Nebraska (field 2 head 2) ([Table 2](#pone.0233507.t002){ref-type="table"}) ([Fig 3A and 3B](#pone.0233507.g003){ref-type="fig"}). In a single instance, only biotype 2 was found on head 2 collected in Cape Girardeau County Missouri field 3 ([Fig 3C](#pone.0233507.g003){ref-type="fig"}).

![Phylogeny of *A*. *tosichella* haplotypes sampled in 2016 within biotypes 1 and 2.\
(A) Barton county Missouri field 1 and (B) field 2; and (C) Ellis County Kansas field 1. Each field contained biotype 1 and biotype 2 in all heads sampled. Smaller circles indicate fewer individuals in a haplotype. Hash marks on lines connecting haplotypes symbolize base-pair differences.](pone.0233507.g002){#pone.0233507.g002}

![Phylogeny of *A*. *tosichella* haplotypes sampled in 2016.\
(A) Cape Girardeau county Missouri field 1 containing biotype 1 in all heads and biotype 2 in one head only; (B) Cape Girardeau county Missouri field 2 containing biotype 1 in two heads and biotype 2 in all heads; (C) Cape Girardeau county Missouri field 3 containing biotype 1 in two heads and biotype 2 in one head only. Smaller circles indicate fewer individuals in a haplotype. Hash marks on lines connecting haplotypes symbolize base-pair differences.](pone.0233507.g003){#pone.0233507.g003}

Samples of individual grain heads collected in 2016 in Nebraska, Kansas and Missouri revealed some changes in biotype ratios from those in 2015. In Hayes County Nebraska the ratio changed slightly from 4:6 in 2015 to 5:5 in 2016; and in Cape Girardeau County Missouri, the ratio remained primarily biotype 1, shifting from 9:1 to 8:2 (Tables [1](#pone.0233507.t001){ref-type="table"} and [2](#pone.0233507.t002){ref-type="table"}). Similarly, the ratio shifted slightly from 8:2 in 2015 to 6:4 in 2016 in Barton County Missouri. However, the ratio in Ellis County Kansas shifted significantly from 7:3 in 2015 to 4:6 in 2016 (Tables [1](#pone.0233507.t001){ref-type="table"} and [2](#pone.0233507.t002){ref-type="table"}).

Predicted *A*. *tosichella* biotype occurrence {#sec005}
----------------------------------------------

The probability of occurrence of each biotype showed distinct spatio-temporal patterns, which were influenced by predictor variables ([Fig 4](#pone.0233507.g004){ref-type="fig"}). The percentage of grass/pasture and crop land within 5000 m of a sample location had negative coefficient estimates with 90% confidence intervals (CI) that did not include zero. Negative coefficient estimates indicate that as the predictor variable increases (e.g., percentage of crop land with 5000 m) the probability of an *A*. *tosichella* individual being biotype 1 decreases. Similar to the land cover predictor variables, precipitation during the month of sampling and the month prior to sampling had negative coefficient estimates, but in this case the upper limit of the 90% CI was slightly greater than zero, indicating less certainty regarding the sign and magnitude of the effects. All other climate predictors (i.e., mean monthly temperature) and landscape effects (i.e., the interaction of crop land and grass/pasture) had 90% CI that indicated a substantial level of uncertainty about the sign and magnitude of the effect. We refrain from interpreting the impact of these variables on the occurrence of the biotypes. In summary, our results demonstrate that increases in crop and grass/pasture within 5000 m of the sample location along with monthly precipitation during the month prior to and month of sampling reduced the probability of occurrence of biotype 1, and consequently increased the probability of occurrence of biotype 2 in some locations in Nebraska, North Dakota, South Dakota, and Kansas. [Fig 4](#pone.0233507.g004){ref-type="fig"} shows the expected probability of each biotype at each sample location assuming a given point was wheat and that mites were present at that location.

![Predictive spatio-temporal heatmaps of the expected probability of *A*. *tosichella* biotype 1 and 2 in May, June and July of 2014, 2015 and 2016 as affected by increased precipitation 30 d prior to sampling and grass/pasture:cropland landcover ratio.\
Maps do not consider specific agricultural landscape and can be interpreted as the potential number of biotype 1 or 2 expected if a given map location was wheat. Red areas---higher probability of biotype 1 presence; blue areas---higher probability of biotype 2 presence. Note: These data were collected during the periods May 21 to July 10, 2014; June 25 to July 12, 2015; and June 245 11 to June 16, 2016. As a result, the predictive maps are an extrapolation if used to infer dynamics outside of the time periods in which these data were collected.](pone.0233507.g004){#pone.0233507.g004}

The spatio-temporal statistical model predicted that the probability of occurrence of biotype 1 was particularly high at the majority of dates and locations in Missouri and South Dakota in 2014, 2015 and 2016 ([Fig 4](#pone.0233507.g004){ref-type="fig"}, [S1A--S1E](#pone.0233507.s001){ref-type="supplementary-material"} and [S2A--S2C](#pone.0233507.s002){ref-type="supplementary-material"} Figs). In contrast, the model predicted a decreased probability of occurrence of biotype 1 in 2014 and 2015 in North Dakota and a gradual increase of biotype 1 probability by the end of 2016 ([Fig 4](#pone.0233507.g004){ref-type="fig"}, [S3A and S3B Fig](#pone.0233507.s003){ref-type="supplementary-material"}). An even greater decrease in the probability of occurrence of biotype 1 was predicted at the majority of locations in Kansas and Nebraska ([Fig 4B--4I](#pone.0233507.g004){ref-type="fig"}). For example, predicted probability of biotype 1 occurrence was low at most locations in Kansas and Nebraska in 2015 ([Fig 4D--4F](#pone.0233507.g004){ref-type="fig"}), but increased to a nearly equal probability of occurrence of each biotype in 2016 ([Fig 4G--4I](#pone.0233507.g004){ref-type="fig"}, [S4A--S4C](#pone.0233507.s004){ref-type="supplementary-material"} and [S5](#pone.0233507.s005){ref-type="supplementary-material"} Figs) with the exception of the eastern-most sample location in Nebraska, where biotype 2 was predicted to be predominant in 2015 and 2016 ([Fig 4D--4I](#pone.0233507.g004){ref-type="fig"}, [S4D Fig](#pone.0233507.s004){ref-type="supplementary-material"}). Finally, the model predicted biotype 2 occurrence at the two Texas locations in all three sample years ([Fig 4](#pone.0233507.g004){ref-type="fig"}, [S5 Fig](#pone.0233507.s005){ref-type="supplementary-material"}).

Discussion {#sec006}
==========

Sequencing ITS1 and COI polymorphisms in *A*. *tosichella* samples obtained in the current study indicate that these genes remain useful genomic regions for *A*. *tosichella* biotype discrimination. Results of phylogenetic analyses based on polymorphisms of each gene support previous conclusions that *A*. *tosichella* has two dominant haplotypes in North America \[[@pone.0233507.ref029], [@pone.0233507.ref036]\] with divergence in the ITS1 region similar to the Australian haplotypes EU734729 (WCM1) and EU734726 (WCM2) \[[@pone.0233507.ref029]\]. Both ITS1 and COI polymorphisms indicated that *A*. *tosichella* samples obtained in the current study corresponded to lineages MT-1 and MT-8 based on global sampling \[[@pone.0233507.ref048]\] although ITS sequences generated for the current study were significantly longer (\~350bp vs \~617bp). However, several other haplotypes appear to be divergent and may potentially represent additional biotypes \[[@pone.0233507.ref029], [@pone.0233507.ref030], [@pone.0233507.ref049]\]. Thus, it was not surprising to determine that the ITS1 and COI polymorphisms determined in our results identified eight new *A*. *tosichella* haplotypes from wheat with no matches in the GenBank database. These results also confirm previously identified large-scale co-occurrences of biotype 1 and 2 in individual field populations in North America \[[@pone.0233507.ref029], [@pone.0233507.ref036], [@pone.0233507.ref037]\], as well as within individual wheat grain heads \[[@pone.0233507.ref050]\].

Australian types 1 and 2 also co-occur across Australian wheat production areas, although biotype 1 occurs more often in the southeast and biotype 2 more frequently in the west \[[@pone.0233507.ref029], [@pone.0233507.ref037]\]. Results of our experiments further demonstrate possible genetic drift or host shifts in North American *A*. *tosichella* populations \[[@pone.0233507.ref051]\], although variation is less than that in observed previously in Turkey \[[@pone.0233507.ref052]\]. Possible explanations include genetic drift resulting from an invasive *A*. *tosichella* population \[[@pone.0233507.ref053], [@pone.0233507.ref054]\] or a host shift resulting from *A*. *tosichella* adaptation to mite resistance genes in wheat \[[@pone.0233507.ref055]\]. The greater numbers of unique ITS1 region haplotypes in biotype 1 than in biotype 2 (Figs [1](#pone.0233507.g001){ref-type="fig"}, [2](#pone.0233507.g002){ref-type="fig"} and [3](#pone.0233507.g003){ref-type="fig"}), support conclusions by Harvey et al. \[[@pone.0233507.ref046]\] that biotype 2 developed after deployment of the *Cmc3 A*. *tosichella* resistance gene in wheat cultivar TAM 107 in 1983 \[[@pone.0233507.ref056]\].

Our results also revealed eight haplotypes based on ITS1 region sequence variants, while those of Hein et al. \[[@pone.0233507.ref036]\] determined only two. The differences in results between the two studies are likely due to differences in geographic scope of sampling (25 sample sites in our experiments versus 5 sites in Hein et al.) and the year of sample collection (2014--2016 versus 1999). Finally, differences in the results of the two studies may involve an increase in biotype diversity resulting from the recent release of cultivars containing the *Cmc4* gene for *A*. *tosichella* resistance in Montana and Oklahoma \[[@pone.0233507.ref057], [@pone.0233507.ref058]\], as well as cultivation of cultivars in Colorado, Kansas, Oklahoma and Texas with the *Dn7* gene for resistance the Russian wheat aphid, *Diuraphis noxia* (Kudjumov), and the *H21* gene for resistance to Hessian fly, *Mayetiola destructor* Say, both of which have recently been shown to be resistant to *A*. *tosichella* \[[@pone.0233507.ref059]\].

Enders et al. \[[@pone.0233507.ref060]\] employed a flexible phenological model similar to that used in our experiments to account for spatial or temporal autocorrelation that may have been generated by population dynamics of different cereal aphid virus vectors. Adoption of such models on an area-wide basis in North America could provide an enhanced understanding of *A*. *tosichella* biotype geographic distribution and improve predictions of the risk of infestations by *A*. *tosichella* and the viruses they transmit.

Previous reports of the presence of each *A*. *tosichella* biotype in North America were based on data from mites collected at five locations in one year \[[@pone.0233507.ref036], [@pone.0233507.ref061]\]. In contrast, our experiments are the first to determine *A*. *tosichella* presence at 38 unique locations from a 1.2 mill km^2^ area in the North American Great Plains over a 3-year period. As a result, these data provide the first ratios of the two biotypes over multiple locations and years. The use of these data to develop spatial-temporal predictions of *A*. *tosichella* biotype variation provide the first demonstration of the effects of precipitation and land cover on biotype distribution. The predicted biotype ratios based on 2014, 2015, and 2016 infestations necessitate continued and coordinated monitoring of North American *A*. *tosichella* biotype variation in order to anticipate future mite infestation intensity and biotype composition.

Materials and methods {#sec007}
=====================

Sample collection {#sec008}
-----------------

*Aceria tosichella* was collected from wheat *T*. *aestivum* heads at 25 locations in the U.S. Great Plains wheat production area from May 21 to July 10, 2014; June 25 to July 12, 2015; and June 11 to June 16, 2016. No special permits were required to collect samples, as verbal permission was given by producers at each sample collection site. The geographic coordinates of each sample location in 2014 and 2015 ([S1 Table](#pone.0233507.s007){ref-type="supplementary-material"}) or 2016 ([S2 Table](#pone.0233507.s008){ref-type="supplementary-material"}) were recorded using a hand-held GPS device. In 2014 and 2015, three field sites were sampled at each GPS location and 30 wheat heads were sampled within each of the three field sites, resulting in a total of 90 heads per location. To avoid bias, the heads were grouped, and 10 heads were arbitrarily selected from each 90 head group. One individual live female was transferred using a 30X microscope, from each of the 10 selected wheat heads to a cold microcentrifuge PCR tube and centrifuged at 14,000 rpm at 4°C for 1 min to position the mite near or in the bottom of the tube before storage at -80°C. An 8 h recess was observed between transfers to prevent cross-contamination between populations \[[@pone.0233507.ref009]\]. In 2016, additional collections were made at one location in Kansas, two locations in Missouri, and one location in Nebraska at the same locations as in 2014 and 2015, or in the nearest wheat field in locations where wheat had been rotated ([S2 Table](#pone.0233507.s008){ref-type="supplementary-material"}). Three wheat fields were sampled at each location and in each field, five heads were sampled from plants at each of three different sites in each field, resulting in a total of 45 heads per location. Each head was kept separate in a plastic bag in order to distinguish genetic differences between mites within a field and a grain head. Mites from each location were previously classified as biotype 1 avirulent to *Cmc3* or biotype 2 virulent to *Cmc3* \[[@pone.0233507.ref047]\] using methods of Harvey et al. \[[@pone.0233507.ref046]\].

*Aceria tosichella* DNA processing and amplification {#sec009}
----------------------------------------------------

*Aceria tosichella* DNA was extracted using the MyTaq^™^ Extract-PCR kit (Bioline USA Inc. Taunton, MA). A master mix was prepared for each reaction using 35 μl nuclease-free water (Ambion Co., Lewisville, TX), 10 μl Buffer A and 5 μl Buffer B (total 50 μl). This solution was added to each tube containing a specimen of *A*. *tosichella*. Tubes were incubated at 75°C and 95°C for 10 min each and thereafter held at 12°C for ∞. Mite DNA extracts were stored at 4°C. Polymerase chain reactions were performed to amplify 618 base pairs (bp) of the nuclear ribosomal internal transcribed spacer 1 (ITS1) region. Primer3Plus \[[@pone.0233507.ref062]\] was used to design primers to amplify 600 bp of this gene ([Table 3](#pone.0233507.t003){ref-type="table"}). Using primers indicated in [Table 3](#pone.0233507.t003){ref-type="table"}, a subsample of specimens was subjected to cytochrome oxidase I (COI) analysis to confirm whether biotype groupings/designations were correct, and to determine whether analysis of this gene was more adept at detecting variation at local geographic scales. For this reason, the majority of specimens (42 out of a total of 49) for which the COI gene was sequenced were collected in 2016.

10.1371/journal.pone.0233507.t003

###### Primers used to amplify nuclear ribosomal internal transcribed spacer one (ITS1) and cytochrome oxidase I (COI) in *A*. *tosichella* biotype 1 and 2.

![](pone.0233507.t003){#pone.0233507.t003g}

  Region          Primer name                          Sequence                             Reference
  --------------- ------------------------------------ ------------------------------------ ----------------------------
  rDNA---ITS1     WCM_ITS1_A\_F                        `5’-GTG AGG CAT CTG GAC TTG CT-3’`   This study
  WCM_ITS1_A\_R   `5’-TTG TTT GCA CGC AGT CAT GG-3’`   This study                           
  WCM_ITS1_B\_F   `5’-ATC CTT CAT CAC GAC TCG GC-3’`   This study                           
  WCM_ITS1_B\_R   `5’-CCC TCA TAC AGG CAA GGC TC-3’`   This study                           
  mtDNA---COI     1718 F                               `5’-GGAGGATTTGGAAATTGATTAGTTCC-3’`   \[[@pone.0233507.ref072]\]
  bcdR04          `5'-TATAAACYTCDGGATGNCCAAAAAA-3'`    \[[@pone.0233507.ref073]\]           

All PCRs were conducted in a 40 μl volume including 1 μl DNA extract, 20 μl Taq DNA polymerase (Bioline Inc. Taunton, MA), 0.5 pmol each of the forward and reverse primers ([Table 3](#pone.0233507.t003){ref-type="table"}), 1 μl MgCl~2~ (Thermo Scientific, New Hampshire, MA), and 17 μl nuclease-free water, using a T100 thermal cycler (Bio-Rad, Hercules, CA). The ITS1 region amplification protocol was 95°C for 3 min (initial denaturation), four cycles of 95°C for 20 sec, 56°C for 15 sec, 72°C for 20 sec, followed by 34 cycles of 95°C for 20 sec, 45°C for 15 sec, 72°C for 20 sec, and 72°C for 15 min. The COI amplification protocol was 95°C for 3 min (initial denaturation), 40 cycles of 95°C for 20 sec, 45°C for 15 sec, 72°C for 20 sec, and 72°C for 15 min. 5 μl of each PCR product was mixed with 1 μl loading dye (Promega, Madison, WI) and run on a 1% agarose gel (Fisher Scientific, Suwanee, GA), stained with GelGreen^®^ Nucleic Acid Gel Stain (Bioline Inc. Taunton, MA) for 60 min and visualized under UV light (Bio-Rad Gel Doc EZ System Gel Imaging System, San Jose, CA) to determine amplification products. PCR product sizes were assessed using the Hi-Lo^™^ DNA marker (Minnesota Molecular, Inc. Minneapolis, MN) and product concentration was measured by comparison with Lambda DNA of standard concentrations (Promega) and Nanodrop spectrophotometry (Thermo Scientific).

Sanger sequence data were then generated using GeneWiz Inc. (South Plainfield, NJ). Because of large sample sizes, PCR products were sequenced for a few specimens in both directions (F and R) using the same primers used for PCR. However, the majority of our specimens were sequenced in one direction (F) only. Sequences for *A*. *tosichella* and related species obtained from GenBank were aligned and edited using BioEdit V. 7 software \[[@pone.0233507.ref063]\].

Bayesian phylogenetic analyses {#sec010}
------------------------------

Bayesian phylogenetic analyses of the data were performed using MrBayes 3.2 \[[@pone.0233507.ref064]\]. DNAsP v. 5.10.01 \[[@pone.0233507.ref065]\] was used to test sequence polymorphism among individuals with ITS1 region and COI, and ITS1 region sequences were imported as nexus files to POPART \[[@pone.0233507.ref066]\] to create haplotype network diagrams. The nucleotide sequences of ITS1 region and COI used in phylogenetic analyses have been deposited in GenBank (accession numbers MT336812-MT337241 for ITS1 region, and MT370025-MT370073 for COI).

To delineate between biotype 1 and 2 ITS1 region nucleotide sequences, comparisons were made using GenBank sequence EU734729 serving as a reference for biotype 1 and EU734726 serving as a reference for biotype 2 \[[@pone.0233507.ref029]\]. For this gene, comparisons were also made using sequences that correspond to lineages MT-1, MT-7 and MT-8 \[[@pone.0233507.ref048]\]. To delineate between biotype 1 and 2 COI nucleotide sequences, comparisons were made using GenBank sequence JQ248920 serving as a reference for biotype 1. No explicit reference sequence for biotype 2 was available for this gene at the time of the analyses. However, comparisons were also made for this gene using sequences from lineages MT-1, MT-7 and MT-8 \[[@pone.0233507.ref048]\]. Genbank sequence JF920113 obtained from *Aceria eximia* was used as an outgroup control in the ITS1 sequence analyses, and Genbank sequence FJ387563 obtained from *Aceria* tulipae was used as an outgroup control in the COI sequence analyses. The threshold of sequence similarity required to determine a biotype was 99% identical to a known biotype ITS sequence.

Spatio-temporal prediction of *A*. *tosichella* biotype {#sec011}
-------------------------------------------------------

A generalized additive model \[[@pone.0233507.ref067]\] was used to capture the spatio-temporal dynamics in the prevalence of *A*. *tosichella* biotypes 1 and 2, incorporating weather and land cover as dependent variables with temporal changes in *A*. *tosichella* population dynamics. A binomial distribution was assumed, with the number of "trials" of the binomial distribution being the number of mites sampled at each unique site and time period, which was 10 in 2014--2015 and 15 in 2016.

For each sample obtained, the PRISM database \[[@pone.0233507.ref068]\] was used to obtain the average monthly temperature and precipitation occurring during the month and the month prior to sample collection, and the 2011 National Land Cover Database \[[@pone.0233507.ref069]\] was used to determine either grass/pasture or cropland land cover covariates at the 30 m by 30 m resolution. NLCD classes 71 and 82 defined grass/pasture and class 42 defined cropland. Land cover was assumed to influence mite prevalence at a scale larger than 30 m x 30 m resolution. The effective scale influencing the response was determined by calculating the percentage of grass/pasture and cropland within circular regions centered at the sample location with a diameter of 100-, 500-, 1000-, 2500-, 5000-, and 10000m.

Spatio-temporal effects unrelated to weather or land cover covariates i.e., autocorrelation \[[@pone.0233507.ref070]\] were included using a categorical factor composed of the year of data collection and thin plate regression splines, a type of basis function that models "smooth" effects of spatial location or time \[[@pone.0233507.ref070]\]. The interaction between grass/pasture and cropland land cover at the 500m scale was included in a given model, but candidate models were constructed for spatial scales at 100-, 500-, 1000-, 2500-, 5000-, and 10000m. The appropriate scale was chosen from the candidate model with the lowest Akaike\'s information criterion (AIC) score \[[@pone.0233507.ref071]\] and calculating the AIC. The drivers of the prevalence of each *A*. *tosichella* biotype were assumed to covariates with coefficients within 90% confidence intervals that did not contain zero.

Supporting information {#sec012}
======================

###### Probability of *A*. *tosichella* biotype 1 occurrence (mean ± SE) at locations in Barton (A), Pettis (B), Cape Girardeau (C), Pike (D), Copper (E) and Stoddard (F) county Missouri in 2014, 2015 and 2016.

(PPTX)

###### 

Click here for additional data file.

###### Probability of *A*. *tosichella* biotype 1 occurrence (mean ± SE) at locations in Hughes (A), Lake (B) and Tripp (C) county South Dakota in 2014, 2015 and 2016.

(PPTX)

###### 

Click here for additional data file.

###### Probability of *A*. *tosichella* biotype 1 occurrence (mean ± SE) at locations in Bottineau (A) and Ward (B) county North Dakota in 2014, 2015 and 2016.

(PPTX)

###### 

Click here for additional data file.

###### Probability of *A*. *tosichella* biotype 1 occurrence (mean ± SE) at locations in Cheyenne (A), Hayes (B), Furnas and Saunders (D) county Nebraska in 2014, 2015 and 2016.

(PPTX)

###### 

Click here for additional data file.

###### Probability of *A*. *tosichella* biotype 1 occurrence (mean ± SE) at locations in Barton (A), Ellis (B), Geary (C), Dickinson (D), Greeley (E), Ellsworth (F), Saline (G) and Finney (H) county Kansas in 2014, 2015 and 2016.

(PPTX)

###### 

Click here for additional data file.

###### Probability of *A*. *tosichella* biotype 1 occurrence (mean ± SE) at locations in Dallam (A) and Randall (B) county Texas in 2014, 2015 and 2016.

(PPTX)

###### 

Click here for additional data file.

###### State, county, and geographic coordinates for locations of *A*. *tosichella* samples collected in 2014 and 2015.

(DOCX)

###### 

Click here for additional data file.

###### State, county, and geographic coordinates for locations of *A*. *tosichella* samples collected in 2016.

(DOCX)

###### 

Click here for additional data file.

###### Estimates of genetic distance and genetic identity in eight U.S. *A*. *tosichella* populations collected in 2014, 2015 and 2016, using variation among unique ITS1 haplotypes.

(DOCX)

###### 

Click here for additional data file.

###### Estimates of genetic distance three U.S. *A*. *tosichella* populations collected in 2014, 2015 and 2016, using variation among unique COI haplotypes.

(DOCX)

###### 

Click here for additional data file.

###### Reproducible analysis.

(PDF)

###### 

Click here for additional data file.

###### 

(RTF)

###### 

Click here for additional data file.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The manuscript by Khalaf et al. addresses the regional distribution of two primary genetically distinct types (Type 1 and Type 2) of the wheat curl mite across a major portion of the Great Plains. Thirty-seven locations across six states were sampled over three years and the occurrence of each of these two distinct genotypes was determined. This study provides an important delineation of the distribution of these two mite types and also provides evidence of additional genetic variation within these two types. This information provides an important contribution to our understanding of the wheat curl mite and the distribution of the genetic diversity of the mite. The distribution model developed is interesting but a less important part of the paper. While there was a lot of work that went into this paper, the model needs to be validated with independent data to determine its accuracy. The manuscript is an important contribution and should be published, but it does require some modifications to address the following points: (Many of these are not major revisions but they need to be addressed.)

\- First, I do not think that the use of the term 'biotypes' in the title is an appropriate term to describe these types. The term biotype has often taken on a very generic meaning and as such would be appropriate in this sense. However, the authors refer to important differences between these two types in terms of host plant resistance and reference the importance of mite resistance in wheat. In this (HPR) regard, 'biotype' is used to separate groups that 'differ in their ability to utilize a particular trait in a plant genotype' (Smith 2005) and these are detected by use of differential host genotypes. Studies undertaken by Harvey et al. 1999 and reviewed in Smith (2005) show that the populations tested from MT have a clearly distinct reaction from other Type 1 groups to the differentials provided, but the work by Hein et al. 2012 shows that the MT population is included with other groups of Type 1 mites (0% and 0.5% nucleotide differences from other Type 1 groups for ITS1 and COI, respectively). Thus, within the Type 1 mites there are at least 2 distinct 'biotypes' (as defined above for HPR relationships). The authors do raise this possibility in lines 184-85 as being a potential, but this previous information indicates that it is more than potential. Thus, if there are more than one 'biotype' within the Type 1 grouping should Type 1 and Type 2 mites be referred to as 'biotypes'?

\- L. 34-35 and l. 73 -- Authors state that mite resistant cultivars are the 'only effective method of controlling' the mite. It is agreed that this resistance would be a valuable tool for management, but cultural practices, primarily controlling over-summering hosts (e.g. volunteer wheat), when applied properly can be very effective and are primarily relied on currently for management of this mite-virus complex.

\- L. 81-84 -- In addition to the points listed, the most dramatic difference between Type 1 and Type 2 mites is the ability of Type 2 and inability of Type 1 mites to transmit Triticum mosaic virus (see McMechan et al 2014).

\- L. 108-110 -- The statement that the ranges of genetic distance between ITS1 and COI are 'similar' is not accurate as the upper value of the range for COI is over 7 times higher than for ITS1 (0.204 vs 0.028).

\- Results in lines 125-129 do not match clearly to the Figures (2, 3) and Fig 3 has a mismatched label and caption (Barton field 3 vs 1?).

\- L. 139-145 -- In the discussion of biotype ratios, reference is made to significant changes in ratios but no statistics or statistical methods are presented on how this was determined. I think it would be quite valuable to include Tables S5 and S6 to give the reader an indication of how variable these ratios are. These tables are actually more valuable than Figures 1-3 for understanding what is going on with the data. For example, in 2016 at Cape Girardeau, the average ratio is 8:2 but they range from 10:0 to 0:10. From this it seems that mention of slight changes in these ratios are probably not that important. One important point that is not emphasized is that these rations often change greatly even within a field.

\- Lines 146 + - These results present the general results of the modeling but there are no statistics presented as to how well the model fits the data. 'Negative coefficient estimate' are mentioned but none are given. There needs to be some determination as to how well the model fits the data rather than just saying the 'confidence interval did not include zero'. Also in the discussion there needs to be some acknowledgement that this model was developed using the data generated but there has been no validation of this model with independently collected data to provide some confidence of its true accuracy.

\- L. 216 -- the temperature values provided from Kuczynski et al 2016 are reversed as Type 1 is 32C and Type 2 is 35C.

\- L. 216-220 and 239-242 -- Through the paper (abstract and other areas) there is mention of the model being 'temporal' but the temporal factor is limited (this is noted partly here) by limited sampling primarily to June (e.g. little done in May, some states only sampled in one month, and sampling in 2016 only done over 6 days in June). It seems that extension of the model and mapping in Fig 4 to cover May-June-July is a bit of a stretch outside of the inference space of the database it was developed on. It is fine to make predictions with the model, but it should be made clear in the discussion that this is the case and also emphasize the need for further validation.

\- L. 255-261 -- The description of the sampling in 2016 is not described very completely. '45 heads collected per location' but only 9 selected (I think from Table S6) but how? And how many mites were taken from a head for assay? 10 (again from Table S6?

\- L. 270 -- A 'subset' of specimens taken for COI -- how big a subset and how selected?

\- L. 310-312 -- 'No explicit reference sequence for biotype 2 was available', but Genbank sequence for Type 2 are available from published reports. Skoracka et al. 2014 list several COI sequences from different studies and different locations. According to Skoracka et al 2014 the JQ248920 sequence from line 311 is identified as MT-1 which would be Type 2 in this study -- not Type 1 as indicated here.

Reviewer \#2: The manuscript led by C. M. Smith raises a relevant issue concerning the occurrence and distribution of an important phytophagous mite species (Aceria tosichella), a global pest of cereals. Accurate predicting species distributions and explaining which environmental factors influence distribution is a fundamental goal of ecology and, in the case of pests and parasites, is an integral part of practical applications such as management strategies. For A. tosichella such affairs are especially hindered due to the evidence that this minute mite actually represents a species complex consisting of at least 29 of different biotypes (genetic lineages) which are morphologically undistinguishable, but may differ in biology and ecology. The authors of this manuscript aim to assess spatial and temporal changes in the occurrence of two mite biotypes and to build a model allowing for the prediction of the probability of biotypes occurrence at unexamined locations and dates. They also intend to find out which environmental variables explain A. tosichella biotypes distribution, and they believed that their results will improve predictions of the risk of mites infestations. All these goals are ambitious and worthwhile, but unfortunately I regret to grade the presented study as unsound and not making a valid contribution to the scientific record.

There are several weaknesses, among which the more important are flaws in experimental set-up and resulting unjustified conclusions based on the data. To investigate spatio-temporal changes in organisms' distribution a rigorous experiment with appropriate sampling scheme, replication and sample size is required. Sampling scheme should achieve an even distribution of sampling localities, and sampling localities should be randomized. The same localities should be replicated in each year through the whole study period to achieve adequate resolution of temporal variation. None of these requirements are met in the study presenting by the authors. For example, sampling in 2016 was done only during 3 days in June, whereas in 2014-2015 in May, June, July. There is no map provided the visual information of sampling localities which informing about even (or not even) distribution of localities. There is a lack of information how the sampling localities have been selected. Finally, the total number of sampled localities (less than 40) from a 1.2 mil km2 area is definitely too low to justify the correctness of modeling the distribution, thus to produce robust results and draw sound conclusions.

The description of the modeling in Methods ('Spatio-temporal prediction of A. tosichella biotype') is laconic and sketchy, what makes it impossible to assess the correctness of this analysis (which, by the way, is based on inaccurate data sampling). The presentation of distribution results is very strange and incomprehensible. Fig 4: the probability of biotypes occurrence marked by different colors - blue for biotype 2 and red for biotype1. But the biotypes can co-occur (what is known from both previous studies and the study conducted by the authors of this manuscript). So how to find out the probability of their co-occurrence on this figure? The models should be presented separately for each biotype. The supplementary figures present the probability occurrence for each locality and year and month separately, what is uninformative when the goal is to detect any patterns in spatial and temporal distribution.

Another thing about which I am concerned there is a lack of information in ethics statement about the permission regarding field study ('N/A' according to the authors and no information in M&M section). Cereals field form which the authors collected wheat samples are most likely to be state-owned or privately owned (unless they are authors-owned). As such permits and approvals obtained for the work, including the full name of the authority that approved the study is required.

Another major drawback of this manuscript there is incomplete and outdated literature cited by the authors, which may introduce disinformation about the very important economically mite species, what may impair both the basic and applicative science. The authors ignore recent articles that are strongly related to the issues they address as well as some review articles summarizing latest evidences about Aceria tosichella biology and ecology. For example, the article in Plos One is about spatial distribution of A. tosichella biotypes, and in the article from BMC Evolutionary Ecology the genetic structure and haplotypes networks of A. tosichella biotypes are discussed.

References e.g. 28, 29, 39 are hardly to access and in fact are not adequately representative to be cited in the context presented by the authors.

(Skoracka A., Lewandowski M., Rector B.G., Szydło W., Kuczyński L. 2017. Spatial and Host-Related Variation in Prevalence and Population Density of Wheat Curl Mite (Aceria tosichella) Cryptic Genotypes in Agricultural Landscapes. PLoS ONE 12(1): e0169874. DOI: 10.1371/journal.pone.0169874

Skoracka A., Lopes L. F., Alves M. J., Miller A., Lewandowski M., Szydło W., Majer A., Różańska E. i Kuczyński L. 2018. Genetics of lineage diversification and the evolution of host usage in the economically important wheat curl mite, Aceria tosichella Keifer, 1969. BMC Evolutionary Biology 18: 122, <https://doi.org/10.1186/s12862-018-1234-x>

Singh K., Wegulo S. N., Skoracka A., Kundu J. K. 2018. Wheat streak mosaic virus: a century old virus with rising importance worldwide. Molecular Plant Pathology 19(9): 2193-2206, <https://doi.org/10.1111/mpp.12683>

Skoracka A., Rector B. G., Hein G., L. 2018. The interface between wheat and the wheat curl mite, Aceria tosichella, the primary vector of globally important viral diseases. Frontiers in Plant Science 9 (1098), 1-8, <https://doi.org/10.3389/fpls.2018.01098>)

Finally, it is not clear why the authors focus on phylogenetic analyses (in M&M and results sections). To fulfill their aims, the authors would simply need to discriminate the biotypes on the basis of DNA barcodes using blast function and estimate genetic distances. There is no need to employ any phylogenetic analysis, the more than the authors do not specify any hypothesis to which testing they would need to apply e.g. Bayesian Inference.

The presented haplotypes network are uninformative. What kind of scientifically sound information emerges from the picture that about 50% of a given haplotype was present in Kansas or on head 1 of one of the three inspecting wheat heads? Why the ratio of biotypes is important? What scientific conclusions we could draw from these results? If we are interested in biotype 1 & 2 occurrence, it would be more explanatory to see the map visualizing the proportion of biotypes in a given locations.

The identification of biotypes is under a question (M&M line 312). I am sure that in GenBank there is more than one reference sequence for biotype 2. Personally I have submitted a plenty of them and I am sure that other experts studying A. tosichella submitted the COI sequences, too.

The discussion is also a very weak point on this manuscript. Some sentences and conclusions are trying to be supported by the literature that is out (or at least very far) of the subject (e.g. lines 192-195). No sound conclusions supported by the data and results arise.

Except of these major concerns above, below are listed some other remarks regarding the abstract and introduction.

Title: 'biotypes' instead of 'biotype' should be used since the study is based on two A. tosichella biotypes

Abstract: lines 35-36: something is missing in this sentence.

Lines 36-38: Previous studies have detected many more biotypes than just two.

Line 39: please use the full genus name when start the sentence from Aceria tosichella. Please check and correct the whole text considering this remark (e.g. lines 59, 70) and also please check if the Latin mite name is consequently written in italics (e.g. line 50).

Lines 48-51: This conclusions suggests that biotypes 1 and 2 differ in their response to mite-resistant wheat varieties. But the study is in fact not about this, but on the biotypes occurrence and distribution. So, data presented in the manuscript did not support this conclusion.

Key words: Cmc -- is not clear

Line 70-71: 'cryptic behavior': what do you mean?

Line 71: There are plenty of recent research that fit to be quoted here. I suggest to cite Navia et al. 2013 (<https://link.springer.com/article/10.1007/s10493-012-9633-y>) instead of 28 and 29. These two references are hardly to access and in fact are not adequate representative. Moreover, from several years there is an evidence that wheat curl mite is a complex of species consisting of biotypes with divergent host specificity, ranging from specialists to generalist. This should be underlined as this situation also significantly impair the detection and research on A. tosichella.

Line 76: \[39\] this reference is also hardly to access. Can authors here quote here to published article?

Line 79: the 'biotype' occurs here for the first time in the Introduction, thus the phrase 'each biotype' is not clear here. Authors should first introduce the readers to the issue of many biotypes identified within wheat curl mite. There is important that not only two biotypes were identified but seven in the articles that authors cite (42, 43). Further research discovered 16 and 29 biotypes respectively: <https://doi.org/10.1371/journal.pone.0169874> ; <https://bmcevolbiol.biomedcentral.com/articles/10.1186/s12862-018-1234-x>). This issue needs to be clarified, because in the present form the background of this study lacks very important information about biology and ecology of A. tosichella and misleadingly suggests readers that only two biotypes exists. Also, authors mention (lines 80-81) that biotypes identification was made on the basis on ITS1 and COI, but ITS2 and 28S rDNA D2 regions were also used (references: 42,43).

Line 83: these references (46-48) refer to Australia and North America only, not to Europe and South America as authors state: "biotypes co-occur in mixed populations within each continent." The reference to Europe could be: <https://doi.org/10.1371/journal.pone.0169874.g002> (biotype 1 corresponds to MT-1, and biotype 2 to MT-1; you can read about this in the recent reviews (Skoracka et al. 2018a; Singh et al. 2018).

Line 83: Change to: "At least 29 genetic lineages exist in A. tosichella complex in the world \[Skoracka et al. 2018b: <https://doi.org/10.1186/s12862-018-1234-x>\]."

Line 85: biotype 2 is mentioned in the Introduction here for the first time. Again there is necessary to develop the issue of wheat curl mite biotypes before the formulation of the objective of this study.

Line 91: change 'structure' to 'dynamics'
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Author response to Decision Letter 0

1 May 2020

Reviewer \#1: The manuscript by Khalaf et al. addresses the regional distribution of two primary genetically distinct types (Type 1 and Type 2) of the wheat curl mite across a major portion of the Great Plains. Thirty-seven locations across six states were sampled over three years and the occurrence of each of these two distinct genotypes was determined. This study provides an important delineation of the distribution of these two mite types and also provides evidence of additional genetic variation within these two types. This information provides an important contribution to our understanding of the wheat curl mite and the distribution of the genetic diversity of the mite. The distribution model developed is interesting but a less important part of the paper. While there was a lot of work that went into this paper, the model needs to be validated with independent data to determine its accuracy.

Author Response: We thank reviewer \#1 for their insightful and careful review. We have addressed all of reviewer \#1's comments in our responses that follow and many of the suggestions have improved the quality and clarity of our work. In the comment above, it appears that the main concern about our work is that we did not validate our spatio-temporal statistical model with independently collected data. Due to the complexity of our research, the first author decided to collaborate with a professional statistician (Dr. Trevor Hefley) who is a faculty member in the Department of Statistics at Kansas State University. In consultation with our research group, the entire statistical analysis was conducted by Dr. Hefley. The carefulness of Dr. Hefley's statistical analysis is demonstrated in the supporting material which contains extensive detail and computer code required to reproduce all results reported in our manuscript (see Reproducible Analysis pdf in the supporting material).

While we do agree with the notion that all statistical models should be validated with independent data, doing so is in direct conflict with how science is currently funded or conducted. To do what the reviewer is suggesting, we would need to go collect a second data source. Prior to collection of this second data source, we would use the data from our study to make spatio-temporal predictions (i.e., essentially the predictive heatmap in Fig. 4 of our paper). We would then collect the second data source and report how the predictions matched the new independent data source. While we do agree that this process is the gold standard to validate statistical models, it is something achieved by very few (if any) studies. Since very few studies can justify collecting a second data set that is used only for model validation, there are many alternative procedures that attempt to do the impossible and assess predictive accuracy without an independent data set. Such procedures have a long history in applied statistics and include cross-validation and model selection using information criterion. All of these procedures are simply not as good as the gold standard and can easily be "hacked," but are widely used because there is a need to assess predictive accuracy in the absence of a truly independent data set.

In our original work, we used Akaike information criterion (AIC) to perform model selection. The AIC was initially derived to "find" the most accurate predictive model from a set of candidate models. In other words, AIC was derived to "estimate" the accuracy of predictions from a statistical model (relative to other models) that would be obtained from a second (independent) data source. Of course, nothing is free of flaws and AIC has its own and extra assumptions, but for our analysis it is likely the best that we can do. We have added clarification to lines 229 and 336 that states that AIC was used to measure the relative predictive accuracy of our models and that future studies may want to consider collecting a second independent data source.

Reviewer \#1: The manuscript is an important contribution and should be published, but it does require some modifications to address the following points: (Many of these are not major revisions but they need to be addressed.)

\- First, I do not think that the use of the term 'biotypes' in the title is an appropriate term to describe these types. The term biotype has often taken on a very generic meaning and as such would be appropriate in this sense. However, the authors refer to important differences between these two types in terms of host plant resistance and reference the importance of mite resistance in wheat.

In this (HPR) regard, 'biotype' is used to separate groups that 'differ in their ability to utilize a particular trait in a plant genotype' (Smith 2005) and these are detected by use of differential host genotypes.

Studies undertaken by Harvey et al. 1999 and reviewed in Smith (2005) show that the populations tested from MT have a clearly distinct reaction from other Type 1 groups to the differentials provided, but the work by Hein et al. 2012 shows that the MT population is included with other groups of Type 1 mites (0% and 0.5% nucleotide differences from other Type 1 groups for ITS1 and COI, respectively).

Thus, within the Type 1 mites there are at least 2 distinct 'biotypes' (as defined above for HPR relationships).

Reviewer \#1: The authors do raise this possibility in lines 184-85 as being a potential, but this previous information indicates that it is more than potential. Thus, if there are more than one 'biotype' within the Type 1 grouping should Type 1 and Type 2 mites be referred to as 'biotypes'?

Author Response: We agree that because 'biotypes' are generally defined based on HPR relationships and not specific nucleotide differences or a threshold of genetic similarity, it is possible that multiple phenotypic 'biotypes' could exist within the current Type 1 and Type 2 molecular groupings. We were unable to confirm whether the new haplotypes reported in this study are indeed different biotypes (i.e. no additional screening w/ different host plant genotypes). To address the reviewer's point we have added additional text explaining the limitations of this study, including the assumption that a 99% sequence similarity threshold (ITS) correlates to true phenotypic biotype variation and lack of further identification of all potential distinct biotypes based on HPR bioassays. see Discussion lines 186-199, and Methods lines 300-311.

Reviewer \#1: - L. 34-35 and l. 73 -- Authors state that mite resistant cultivars are the 'only effective method of controlling' the mite. It is agreed that this resistance would be a valuable tool for management, but cultural practices, primarily controlling over-summering hosts (e.g. volunteer wheat), when applied properly can be very effective and are primarily relied on currently for management of this mite-virus complex.

Author Response: New text describing cultural practices in the revision cites a reference that has been added to the reference list.

Reviewer \#1: - L. 81-84 -- In addition to the points listed, the most dramatic difference between Type 1 and Type 2 mites is the ability of Type 2 and inability of Type 1 mites to transmit Triticum mosaic virus (see McMechan et al 2014).

Author Response: Revised text referring to transmission differences and the McMechan et al 2014 reference have added to the revision.

Reviewer \#1: - L. 108-110 -- The statement that the ranges of genetic distance between ITS1 and COI are 'similar' is not accurate as the upper value of the range for COI is over 7 times higher than for ITS1 (0.204 vs 0.028).

Author Response: This sentence has been corrected in the phylogenetic analyses subsection of the revised results.

Reviewer \#1: - Results in lines 125-129 do not match clearly to the Figures (2, 3) and Fig 3 has a mismatched label and caption (Barton field 3 vs 1?).

Author Response: Fig. 2A corrected to Barton field 1, Figure 3A legend and caption corrected to Cape Girardeau Field 1.

Reviewer \#1: - L. 139-145 -- In the discussion of biotype ratios, reference is made to significant changes in ratios but no statistics or statistical methods are presented on how this was determined. I think it would be quite valuable to include Tables S5 and S6 to give the reader an indication of how variable these ratios are. These tables are actually more valuable than Figures 1-3 for understanding what is going on with the data. For example, in 2016 at Cape Girardeau, the average ratio is 8:2 but they range from 10:0 to 0:10. From this it seems that mention of slight changes in these ratios are probably not that important. One important point that is not emphasized is that these rations often change greatly even within a field.

Author Response: S5 and S6 Tables are included as Tables 2 and 3 in the revision and text added on lines 122 to line 128 of the revision.

Reviewer \#1: - Lines 146 + - These results present the general results of the modeling but there are no statistics presented as to how well the model fits the data. 'Negative coefficient estimate' are mentioned but none are given. There needs to be some determination as to how well the model fits the data rather than just saying the 'confidence interval did not include zero'. Also in the discussion there needs to be some acknowledgement that this model was developed using the data generated but there has been no validation of this model with independently collected data to provide some confidence of its true accuracy.

Author Response: On line 154 we have added that our selected model has a "deviance explained" of 71%. The deviance explained is similar to the coefficient of determination (R2) that is familiar to most scientists. The R2, however, is appropriate for only linear regression whereas the deviance explained is appropriate for our models. Similar to R2, a value of 100% means a perfect fit of the model to the data (which was the same was used to fit the model) whereas a value of 0% means our model is no more accurate than an intercept-only model. In the revision, we have also conducted and included standard model assumption checking procedures in the supporting material (see Reproducible Analysis pdf file). We have mentioned these procedures on line 229.

The regression coefficients were provided in the supporting material of the original draft (see Reproducible Analysis pdf file). As noted by reviewer \#1: "The distribution model developed is interesting but a less important part of the paper." We agree with this statement and that is why we chose not to use manuscript space to present these exact numerical results. To really do these numbers justice, we would need to report the coefficient estimates and confidence intervals which would require an extra table. Again, these values are in the supporting material.

Finally, and as stated in our response to the first comment by reviewer \#1, we have done our best to assess the accuracy of our model. While assessment of accuracy using an independent data is the gold standard, few, if any, studies do this. Lastly, even if we had access to an independently collected data set to assess the accuracy of our model, we disagree with the reviewer that this would enable us to assess the "true" accuracy of our model. The independently collected data set would enable us to estimate the predictive accuracy of our model, but this estimate would contain uncertainty unless our independently collected data set contained all possible data points (across space and time) which would require an infinite amount of sampling for our study.

Reviewer \#1: - L. 216 -- the temperature values provided from Kuczynski et al 2016 are reversed as Type 1 is 32C and Type 2 is 35C.

Author Response: We refrain from interpreting the impact of temperature on the occurrence of biotypes. This reference has been removed.

Reviewer \#1: - L. 216-220 and 239-242 -- Through the paper (abstract and other areas) there is mention of the model being 'temporal' but the temporal factor is limited (this is noted partly here) by limited sampling primarily to June (e.g. little done in May, some states only sampled in one month, and sampling in 2016 only done over 6 days in June). It seems that extension of the model and mapping in Fig 4 to cover May-June-July is a bit of a stretch outside of the inference space of the database it was developed on. It is fine to make predictions with the model, but it should be made clear in the discussion that this is the case and also emphasize the need for further validation.

Author Response: The reviewer is correct. We have added this warning to the text and to the Fig. 4 legend text.

Reviewer \#1: - L. 255-261 -- The description of the sampling in 2016 is not described very completely. '45 heads collected per location' but only 9 selected (I think from Table S6) but how? And how many mites were taken from a head for assay? 10 (again from Table S6?

Author Response: The S6 Table title was incorrect. S6 Table is now Table 1 of the revision, with a corrected title shown as "Ratios of A. tosichella biotype 1 and 2 at one location in Kansas, two locations in Missouri, and one location in Nebraska in 2016. A total of three fields at each location were sampled, five individuals were collected at each of three sites in each field for a total of 45 individuals per field." This text matches the text in the last two sentences of the methods subsection on Sample Collection.

Reviewer \#1: - L. 270 -- A 'subset' of specimens taken for COI -- how big a subset and how selected?

Author Response: Further detail has been added in lines 241 to 244 of the revision.

Reviewer \#1: - L. 310-312 -- 'No explicit reference sequence for biotype 2 was available', but Genbank sequence for Type 2 are available from published reports. Skoracka et al. 2014 list several COI sequences from different studies and different locations. According to Skoracka et al 2014 the JQ248920 sequence from line 311 is identified as MT-1 which would be Type 2 in this study -- not Type 1 as indicated here.

Author Response: Reference to Skoracka et al. 2014 and text regarding the MT-1 and MT-8 sequences in Skoracka et al. 2014 have been added in lines 115- 117 and lines 300-311.

Reviewer \#2: The manuscript led by C. M. Smith raises a relevant issue concerning the occurrence and distribution of an important phytophagous mite species (Aceria tosichella), a global pest of cereals.

Accurate predicting species distributions and explaining which environmental factors influence distribution is a fundamental goal of ecology and, in the case of pests and parasites, is an integral part of practical applications such as management strategies. For A. tosichella such affairs are especially hindered due to the evidence that this minute mite actually represents a species complex consisting of at least 29 of different biotypes (genetic lineages) which are morphologically undistinguishable, but may differ in biology and ecology. The authors of this manuscript aim to assess spatial and temporal changes in the occurrence of two mite biotypes and to build a model allowing for the prediction of the probability of biotypes occurrence at unexamined locations and dates. They also intend to find out which environmental variables explain A. tosichella biotypes distribution, and they believed that their results will improve predictions of the risk of mites infestations. All these goals are ambitious and worthwhile, but unfortunately I regret to grade the presented study as unsound and not making a valid contribution to the scientific record.

Reviewer \#2: There are several weaknesses, among which the more important are flaws in experimental set-up and resulting unjustified conclusions based on the data. To investigate spatio-temporal changes in organisms' distribution a rigorous experiment with appropriate sampling scheme, replication and sample size is required.

Author Response: The reviewer seems to be referring to standardized/randomized sampling efforts found in other studies that attempt to estimate abundance or population density (e.g. Skoracka et al. 2017 PlosONE), which is not the objective of the current study -- here we use a generalized additive model (GAM) to capture the spatio-temporal dynamics in the probability of occurrence of A. tosichella biotypes 1 and 2. The sample size and distribution of sampling locations used in this study are therefore adequate to achieve resolution of temporal variation in the probability of occurrence (not abundance) of biotypes and meet criteria considered best-practices for design of spatial-temporal data collection.

Due to the complexity of our research, the first author decided to collaborate with a professional statistician (Dr. Trevor Hefley) who is a faculty member in the Department of Statistics at Kansas State University. While we do respect reviewer \#2's comments, many of the suggestions about the experimental design and statistical analyses, in this and other comments, are simply wrong. Further, reviewer \#2 makes suggested changes that are not possible which highlights the reviewer lack of knowledge about statistics and proper experimental design for spatio-temporal data collection.

In the above comment Reviewer \#2 suggests that "To investigate spatio-temporal changes in organisms' distribution a rigorous experiment with appropriate sampling scheme, replication and sample size is required." This statement is vague and not true. For example, there are thousands of studies published that rigorously investigate changes in organism's distribution that have no replication (e.g., see Elith & Leathwick 2009 for an introduction and review). Furthermore, the historical and current philosophy in spatio-temporal statistics is that data collection cannot be replicated unless you can somehow take multiple measurements at the exact same location and time (see Ch. 1 in Cressie and Wikle 2011). For many studies like ours, replication may be conceptually possible, but will provide no information about the change in spatio-temporal distribution. For example, in our study Aceria tosichella were collected from wheat heads from a given field. For our study, the idea of replication means that we would have to resample a given field at the exact same time. Clearly this doesn't provide information about change (in anything) over time or space since the data were collected at the same time and location.

Finally, the reviewer suggests that an "appropriate sampling scheme" is required, but provides no guidance on what they think is appropriate. Again, we defer to our co-author that is a professional statistician. Dr. Trevor Hefley doesn't see any evidence that the sampling scheme is inappropriate and believes that what the authors have done is standard practice for collection of spatio-temporal data.

Elith, J., & Leathwick, J. R. (2009). Species distribution models: ecological explanation and prediction across space and time. Annual review of ecology, evolution, and systematics, 40, 677-697.

Cressie, N., & Wikle, C. K. (2011). Statistics for Spatio-temporal data. John Wiley & Sons.

Reviewer \#2: Sampling scheme should achieve an even distribution of sampling localities, and sampling localities should be randomized. The same localities should be replicated in each year through the whole study period to achieve adequate resolution of temporal variation. None of these requirements are met in the study presenting by the authors. For example, sampling in 2016 was done only during 3 days in June, whereas in 2014-2015 in May, June, July.

Author Response: The spatial sampling design suggested by the review (i.e., one that achieve an even distribution of sampling localities) is just one of many common designs. There is no one right way to sample spatio-temporal data and the reviewer may want to take a look at Mateu and Müller (2012). In order to recommend or declare that a certain sampling designed is to be preferred, one has to clearly state the criteria they wish to optimize. For example, some studies may wish to estimate regression coefficients with the highest level of accuracy and therefore would want to use a targeted design that places sample points in areas where rapid changes (in the prevalence of biotypes) is expected to occur. The same types of arguments hold for time.

Mateu, J., & Müller, W. G. (Eds.). (2012). Spatio-temporal design: Advances in efficient data acquisition. John Wiley & Sons.

Reviewer \#2: There is no map provided the visual information of sampling localities which informing about even (or not even) distribution of localities.

Author Response: S Tables 1 and 2 show exact GPS coordinates for all locations of sample collection in 2014, 2015 and 2016.

Reviewer \#2: There is a lack of information how the sampling localities have been selected.

Author Response: See lines 246-260.

Reviewer \#2: Finally, the total number of sampled localities (less than 40) from a 1.2 mil km2 area is definitely too low to justify the correctness of modeling the distribution, thus to produce robust results and draw sound conclusions.

Author Response: The reviewer must justify and define the arbitrary comment that "the total number of sampled localities..... is definitely too low" before the authors can respond.

Reviewer \#2: The description of the modeling in Methods ('Spatio-temporal prediction of A. tosichella biotype') is laconic and sketchy, what makes it impossible to assess the correctness of this analysis (which, by the way, is based on inaccurate data sampling).

Author Response: This comment is disrespectful. "Laconic and sketchy" are vague terms that the reviewer fails to justify with any concrete suggestions as to what is missing from the description of modeling in the methods. Our research group worked with a professional statistician who is a faculty member in the Department of Statistics at Kansas State University. In consultation with our research group, the entire statistical analysis was conducted by Dr. Hefley. A more in-depth description of the methods is provided in the supporting material (see Reproducible Analysis). Similarly, the reviewer provides no justification of claims that data sampling was "inaccurate". If the reviewer provided more constructive forms of criticism, then we could address them. As stated, these comments are simply unhelpful, unprofessional and do not warrant a response. In the future, we ask the that the reviewer provide constructive comments that we can objectively address rather than vague non-expert opinion.

Reviewer \#2: The presentation of distribution results is very strange and incomprehensible. Fig 4: the probability of biotypes occurrence marked by different colors - blue for biotype 2 and red for biotype1. But the biotypes can co-occur (what is known from both previous studies and the study conducted by the authors of this manuscript). So how to find out the probability of their co-occurrence on this figure?

Author Response: To determine the probability of co-occurrence you can use elementary probability. For example, if the probability of biotype 1 is 0.25 at a location then the probability of biotype 2 has to be 0.75 (i.e., 1 -- 0.25 = 0.75). The probability of co-occurrence is 0.25 x 0.75 = 0.1875.

Reviewer \#2: The models should be presented separately for each biotype. The supplementary figures present the probability occurrence for each locality and year and month separately, what is uninformative when the goal is to detect any patterns in spatial and temporal distribution.

Author Response: The data we have is aggregated binary data (i.e., the sum of zero's and ones). Each mite is either biotype 1 or 2. Binary data codes this as y=1 for biotype 1 and y=2 for biotype 2. If we preform the analysis on each biotype separately, we then have "presence-only" data. For example, we would have to conduct an analysis of biotype 1 using only the observations where y = 1. At this point there is no variability in the response variable (because all y's are equal to one). There are statistical methods that can be used for presence-only data, but the use for our data is nonsensical due to a contrived separation of the binary data into two "presence-only" data sets.

Reviewer \#2: Another thing about which I am concerned there is a lack of information in ethics statement about the permission regarding field study ('N/A' according to the authors and no information in M&M section). Cereals field form which the authors collected wheat samples are most likely to be state-owned or privately owned (unless they are authors-owned). As such permits and approvals obtained for the work, including the full name of the authority that approved the study is required.

Author Response: No special permits were required (see revised text in the Materials and Methods section). Verbal permission was given by growers at each sample collection site.

Reviewer \#2: Another major drawback of this manuscript there is incomplete and outdated literature cited by the authors, which may introduce disinformation about the very important economically mite species, what may impair both the basic and applicative science. The authors ignore recent articles that are strongly related to the issues they address as well as some review articles summarizing latest evidences about Aceria tosichella biology and ecology. For example, the article in PLoSONE is about spatial distribution of A. tosichella biotypes, and in the article from BMC Evolutionary Ecology the genetic structure and haplotypes networks of A. tosichella biotypes are discussed.

Author Response: The two suggested articles (Skoracka et al. 2017 and 2018) focus on host plant preference (domesticated & wild grasses) and distribution of different genetic lineages found within the WCM species complex and are only slightly relevant to the current manuscript. However, we have referenced the 2017 PLoSONE article that included genetic lineages corresponding to biotypes 1 and 2 as described at the beginning of the discussion.

Reviewer \#2: References e.g. 28, 29, 39 are hard to access and in fact are not adequately representative to be cited in the context presented by the authors.

Author Response: Citations 28 and 29 have been replaced with \[Skoracka et al. 2018. Frontiers in Plant Science 9:1098, and Skoracka et al. 2018.BMC Evolutionary Biology 18:122\], citation 39 has been removed.

Reviewer \#2: Finally, it is not clear why the authors focus on phylogenetic analyses (in M&M and results sections). To fulfill their aims, the authors would simply need to discriminate the biotypes on the basis of DNA barcodes using blast function and estimate genetic distances. There is no need to employ any phylogenetic analysis, the more than the authors do not specify any hypothesis to which testing they would need to apply e.g. Bayesian Inference.

Author Response: The phylogenetic analyses have been removed.

Reviewer \#2: The presented haplotypes network are uninformative. What kind of scientifically sound information emerges from the picture that about 50% of a given haplotype was present in Kansas or on head 1 of one of the three inspecting wheat heads? Why the ratio of biotypes is important? What scientific conclusions we could draw from these results? If we are interested in biotype 1 & 2 occurrence, it would be more explanatory to see the map visualizing the proportion of biotypes in a given locations.

Author Response: Haplotype networks are included to provide a visual representation of biotype distributions at various spatial scales. They show that biotype occurrence is not constant at most spatial levels. While a map visualizing biotype proportions would be useful, it would also be impractical given the scale of sampling.

Reviewer \#2: The identification of biotypes is under a question (M&M line 312). I am sure that in GenBank there is more than one reference sequence for biotype 2. Personally I have submitted a plenty of them and I am sure that other experts studying A. tosichella submitted the COI sequences, too.

Author Response: Reviewer 2 seems to be sure of something they provide no evidence of. To what is this referring and where is it in the manuscript? "No explicit reference sequence for biotype 2 was available at the time of the analyses."

Reviewer \#2: The discussion is also a very weak point on this manuscript. Some sentences and conclusions are trying to be supported by the literature that is out (or at least very far) of the subject (e.g. lines 192-195). No sound conclusions supported by the data and results arise.

Author Response: Again, this comment is opinionated conjecture and provides no real constructive criticism that can be addressed. Until there is a specific point made, there is nothing to respond to.

Other remarks regarding the abstract and introduction.

Reviewer \#2: Title: 'biotypes' instead of 'biotype' should be used since the study is based on two A. tosichella biotypes

Author Response: In the context of the title, even though the seemingly singular "biotype" is used, it is implicit that multiple biotypes are being referred to. Using the plural in this instance would be grammatically incorrect.

Reviewer \#2: Abstract: lines 35-36: something is missing in this sentence.

Author Response: The sentence reads "To date, mite-resistant wheat genotypes are the only effective method of controlling the A. tosichella - virus complex, thus the importance of elucidating A. tosichella population genetic structure, which directly affects both mite and virus management." The sentence has been simplified to "To date, mite-resistant wheat genotypes have proven to be one of the most effective methods of controlling the A. tosichella - virus complex. Thus, it is important to elucidate A. tosichella population genetic structure, in order to better predict improved mite and virus management."

Reviewer \#2: Lines 36-38: Previous studies have detected many more biotypes than just two.

Author Response: The text of the manuscript has been revised on lines 32-35 of the abstract and lines 74-84 of the Introduction to show that A. tosichella is a global complex of many genetic lineages.

Reviewer \#2: Line 39: please use the full genus name when start the sentence from Aceria tosichella. Please check and correct the whole text considering this remark (e.g. lines 59, 70) and also please check if the Latin mite name is consequently written in italics (e.g. line 50).

Author Response: Corrected in revised manuscript.

Reviewer \#2: Lines 48-51: This conclusions suggests that biotypes 1 and 2 differ in their response to mite-resistant wheat varieties. But the study is in fact not about this, but on the biotypes occurrence and distribution. So, data presented in the manuscript did not support this conclusion.

Author Response: The authors disagree. Lines 48-51 state "The results suggest that spatio-temporal modeling can effectively improve A. tosichella management. Continual integration of precipitation and ground cover data into the existing model will further improve the accuracy of predicting the biotype composition of A. tosichella in annual wheat crops, allowing producers to make informed decisions about the selection of varieties with different A. tosichella resistance genes." This conclusion suggests that integrating precipitation and ground cover data into the existing model will further improve accuracy of predicting A. tosichella biotype composition.

Reviewer \#2: Key words: Cmc -- is not clear

Author Response: curl mite colonization (Liu et al. 2013. Crop Sci. doi:10.2135/cropsci2013.08.0564) -- added to key words

Reviewer \#2: Line 70-71: 'cryptic behavior': what do you mean?

Author Response: Cryptic is now defined as maximum concealment in the revised text.

Reviewer \#2: Line 71: There are plenty of recent research that fit to be quoted here. I suggest to cite Navia et al. 2013 (<https://link.springer.com/article/10.1007/s10493-012-9633-y>) instead of 28 and 29. These two references are hardly to access and in fact are not adequate representative. Moreover, from several years there is an evidence that wheat curl mite is a complex of species consisting of biotypes with divergent host specificity, ranging from specialists to generalist. This should be underlined as this situation also significantly impair the detection and research on A. tosichella.

Author Response: As stated above citations 28 and 29 have been replaced with more recent publications.

Reviewer \#2: Line 76: \[39\] this reference is also hardly to access. Can authors here quote here to published article?

Author Response: As stated above citation 39 has been removed.

Reviewer \#2: Line 79: the 'biotype' occurs here for the first time in the Introduction, thus the phrase 'each biotype' is not clear here. Authors should first introduce the readers to the issue of many biotypes identified within wheat curl mite. There is important that not only two biotypes were identified but seven in the articles that authors cite (42, 43). Further research discovered 16 and 29 biotypes respectively: <https://doi.org/10.1371/journal.pone.0169874> ; <https://bmcevolbiol.biomedcentral.com/articles/10.1186/s12862-018-1234-x>). This issue needs to be clarified, because in the present form the background of this study lacks very important information about biology and ecology of A. tosichella and misleadingly suggests readers that only two biotypes exists. Also, authors mention (lines 80-81) that biotypes identification was made on the basis on ITS1 and COI, but ITS2 and 28S rDNA D2 regions were also used (references: 42,43).
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